Background and Objective: In this study we investigate whether or not eventrelated potentials (ERP) and/or event-related (de)synchronization (ERD/ERS) can be used to differentiate between 27 healthy elderly (HE), 21 subjects diagnosed with mild cognitive impairment (MCI) and 15 mild Alzheimer's disease (AD) patients. Methods: Using 32-channel EEG recordings, we measured ERP responses to a three-level (N-back, N=0,1,2 ) visual working memory task. We also performed ERD analysis over the same EEG data, dividing the full-band signal into the well-known delta, theta, alpha, beta and gamma bands. Both ERP and ERD analyses were followed by cluster analysis with correction for multicomparisons whenever significant differences were found between groups.
The treatment and diagnosis of dementia has become a serious public health problem in both developed and developing countries. Research to identify reliable markers that can effectively promove early diagnosis is very active, especially in the case of Alzheimer's disease (AD). Waiting for the appearance 5 of more pronounced symptoms to start treatment is risky, since it may be too late to achieve full effectiveness of the drugs capable of controlling disease progression. As such, early diagnosis of AD has become a pressing need, with the United Nations and Alzheimers Disease International calling on all governments to implement national dementia plans focusing on (i) raising public awareness
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least one other cognitive impairment in addition to memory loss [29] . To inves-45 tigate these functional neural networks, event-related potential (ERP) analysis has been explored [30, 31, 32] , with some success in discriminating between healthy controls, MCI, MCI-Progression-to-AD, and AD. ERP analysis, however, discards sub-band information that has been shown to be invaluable to discriminate AD patients from healthy elderly in the resting-awake EEG proto-50 col [33, 34, 35, 36, 37] .
In this article, we seek to overcome this limitation of full band analysis using not only ERP, but also a complementary technique called synchronization / (de) synchronization (ERS / ERD), which is associated with the classical EEG frequency bands [38, 39] . To detect the so-called ERPs, signal averaging 55 techniques are usually used. The fundamental hypothesis is that the evoked activity has a somehow fixed time-delay with respect to the stimulus, while the background EEG activity acts as additive noise. Thus, the idea behind the averaging procedure is that it will significantly increase the signal-to-noise ratio.
However, it has also been shown, for instance, that visual stimuli can reduce 60 ongoing EEG amplitude [40] , thus implying that the basic model that an ERP can be represented by a signal added to uncorrelated noise is not valid for all cases. Some types of changes are synchronized with the event, but not with the same phase and therefore cannot be extracted by a simple linear method, such as the averaging procedure, but can only be detected by frequency analysis of 65 the so-called induced oscillations [41, 42] .
In order to get a better understanding of how ERP and ERD could be complementarily used to discriminate MCI and AD patients from age-matched elderly controls, in this study we employed both methods for the analysis of EEG signals in response to working memory tasks. The N-back task is widely used 70 to investigate the neurological basis of working memory. Previous studies using the N-back paradigm have consistently found that this kind of task activates several brain regions: dorsolateral and ventrolateral prefrontal cortex, premotor cortex, supplementary motor area and reaching even parietal posterior areas [43, 44, 45] . The N-back visual identification letter task requires participants to 75 A C C E P T E D M A N U S C R I P T maintain information in working memory in order to decide whether a currently presented stimulus matches a stimulus presented N trials previously [46] .
Likewise ERP, ERD/ERS and other types of oscillatory analysis of eventrelated responses, like event-related oscillations (ERO) [47] , have been used with success to differentiate AD and/or MCI patients from healthy elderly. Some of 80 these EEG studies found AD patients with reduced delta (1) (2) (3) (4) tients presented stronger alpha ERD peak when compared to elderly normal subjects [55] . More recently and more close-related to our study, Deiber et al. [56] found altered theta (4-7 Hz), alpha (8) (9) (10) (11) (12) (13) , and beta (14- to the methods used to calculate the ERS/ERD measures, since there are several different forms of computing these type of even-related responses [60, 61, 62] .
In order to investigate this issue, we decided to try out a different method for obtaining the ERS/ERD: instead of getting both the synchronized induced and the in-phase evoked oscillations [41, 42], as we did in our recently published 125 paper [20], we decided to use the first original Pfurtscheller's methodology [39] to analyze ERD/ERS, which gets only the induced response and discards the in-phase evoked response, as will be described in the next section.
Methods

Participants
130
The experiment was attended by 63 volunteers. From these participants, 15
were diagnosed with probable Alzheimer's disease (AD), 21 exclude neurological conditions other than MCI or AD, such as medical conditions that can affect cognition (e.g., B12 deficiency, uncontrolled thyroid dysfunction, alcohol abuse) and psychiatric disorders (other than mild depression).
Furthermore, Geriatric Depression Scale -GDS [63] was administered and only participants with a score lower than six were admitted to this study.
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Healthy controls were recruited after undergoing the Montreal Cognitive Assessment test -MoCA [64] , which is a cognitive screening tool sensitive to detect MCI and able to perform a full review of their overall cognitive function. If an individual scored under 26 on this measure, he/she was excused and therefore excluded from the HE group.
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Mild cognitive impairment patients (or his/her kin companion) were required to make a subjective report about their cognitive decline, which is part of the procedure to achieve a proper diagnosis according to agreed-upon criteria [65, 66] . All MCI subjects reported a gradual cognitive decline in the past six months, since this was a pre-requisite to be included in the experiment. Ad-155 ditionally, in order to guarantee the absence of significant impairment in daily life activities, "candidates" to be incorporated in the MCI group underwent an objective verification of cognitive impairment made through neuropsychological tests. Also, failure to meet the ADRDA-NINCDS criteria for dementia [67] had to be assured, which was determined by the assessing physician in the Memory This additional measure ensured that all subjects diagnosed with AD who participated in the study had only a mild degree of the disease, thus no moderate 170 or severe cases were included. we used two for monitoring vertical (blinks) and horizontal (saccades) eyeball movements, and a third one was attached to the right earlobe and used for referencing purposes (as mentioned above), thus resulting in 29 EEG channels.
N-back task description
We passed EEG data through a lowpass filter (57 Hz), then down-sampled signals to 125 Hz and high-pass filtered (1.2 Hz) them to remove drifting effects.
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Following, using the Independent Component Analysis tool of the EEGLAB software [68], we removed eye blinks, saccades, heart beats and other muscular as well as electrode artifacts. In the last pre-processing step preceding ERP and ERS/ERD analysis, since the inter stimulus interval (ISI) was exactly 2.0 seconds, we partitioned the sub-band signals into 2-second epochs (trials) in the 220 -300 ms to 1700 ms interval, where 0 ms designates the time when visual stimuli appeared on screen.
ERP and ERD/ERS analyses
Before performing both ERP and ERD/ERS analyses, the 2-second epochs of each of the 63 participants were separated into six blocks of data corresponding
to each of the six N-back tasks (match and mismatch trials of the three-level WM load). To avoid misjudgment issues, we did not analyze any trials where the subject has provided incorrect responses (match or non-match), since we do not know the underlying brain processes that led to the wrong answer. To obtain the ERPs of each data block, we simply averaged the 29-channel EEG 230 signals across epochs with correct responses, which mathematically corresponds to obtaining the point-to-point inter-trial mean, according to equation 1 
wheres bi (t) is the point-to-point inter-trial mean of the bandpass signals s bim (t) calculated with the same equation 1 used to generate the ERPs. It is important to remark that after performing this step there is no more in-phase information in the V AR bi (t) signals, since the "bandpass ERPs", which are nothing more than the inter-trial meanss bi (t), were completely removed. In this way, we 
Therefore, when %ERS bi (t) is negative it means the power has decreased after the stimulus as compared to the baseline, otherwise it means power increase, respectively indicating activity or inactivity on frequency band b at the under-265 lying cortical area covered by electrode i [69] . The computation of ERS/ERD patterns in this study follows the same steps used in [69, 71] .
Cluster Analysis
A common procedure most researchers use to compare EEG data results from different subjects is to assume that scalp channel sites are spatially equiv-270 alent for all of them. However, this assumption is actually an idealization, since the spatial connection of any physical electrode location to the underlying cortical areas producing the activities covered by that channel may be quite different across subjects. It means that data recorded from equivalent channel locations in different subjects may convey information from different cortical 275 EEG sources, a point commonly overlooked in several EEG studies. To overcome this issue, the EEGLAB software package [68] has recently launched a new tool to perform cluster analysis [72] . This alternative form of analysing electrophysiological data were successfully used in several EEG and MEG stud-
ies [73, 74, 75, 76, 77] . It uses Principal Component Analysis (PCA) to find 280 meaningful clusters across EEG data from different subjects, which leads to a much more accurate statistical analysis when comparing different groups of participants in a study [78] . The first step is identifying which scalp channels are spatially equivalent, using clusters of the independent components previously calculated through the EEGLAB ICA tool. In order to do that, we used 285 the well-known k-means clustering algorithm [79] with the rule of thumb of one cluster per each subject participating in the study. After clustering, once the ICA components are grouped, it is possible to calculate statistical differences at scalp electrodes between the conditions (WM tasks) and groups (HE, MCI and AD to verify the existence of actual differences between the pairs of groups AD-MCI, AD-HE and MCI-HE. To compare groups after cluster analysis of EEG data, 300 the interactive EEGLAB tool was used, which on its turn uses the "Clusterbased permutation tests on event related fields" Fieldtrip software plugin [80] to implement the Monte Carlo method with statistical permutation.
Results
Participant demographics 305
Before starting the analysis of any measures taken from HE, MCI and AD participants, we must have a look at participant demographics, since if there
were any significant differences between groups regarding age and education, that could be a source of bias and would cast doubt on the validity of other comparisons between groups emerging from the analysis of N-back task responses 310
[81]. In Table 1 we show the average demographic data (gender distribution, mean and standard error of age and years of education) of the three groups.
One-way ANOVA did not reveal significant group differences neither in age (F = 1.39, p = 0.2565) nor in years of education (F = 0.49, p = 0.618). Regarding gender distribution, the AD group has proportionally less females than the MCI 315 and HE groups, but we do not see this as an issue, since recent research on large databases has shown men and women with AD performing similarly in the great majority of neuropsychological tests [81] .
N-back Behavioural Results
The primary goal of this study is to explore if event-related potentials (ERP) 320 together with (de)synchronisation (ERD/ERS) can be used to distinguish between healthy controls, MCI and AD patients. However, it is also important to investigate the behavioural responses (reaction time and accuracy in match/nonmatch discrimination) for both the match and non-match trials because, if these measures alone were enough to make a clear distinction between groups, there 325 is no need to further analyse electrophysiological measures. Since the mental effort in the N-back task increases with an increase in N , we have observed that the number of correct answers decreased substantially with increasing N , as can be seen in Table 2 , where we show the average performance (reaction time in ms and accuracy in % correct responses) of each group for both the match and 330 non-match tasks. Just the opposite, there was a steady increase in the reaction times of all participants with greater memory load.
In Table 3 we display the results of post-hoc multiple-comparisons following one-way ANOVA tests, using diagnosis (HE, MCI or AD) as a factor and keeping constant the memory load (N = 0, 1, 2) and the match/non-match type. 
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ERP Analysis
Since our ERP data did not have normal distribution, we used the nonparametric Kruskal Wallis test and observed significant differences in the ERP of the three groups (AD, MCI and HE) at several electrode locations. In order to know between which pairs of groups (AD vs. MCI, AD vs. HE and MCI vs. HE) 350 there were real differences, statistical tests were performed for multiple comparisons using cluster analysis, which allowed us to find significant differences between the AD vs. HE and MCI vs. HE comparisons in 0-back non-match, 1-back non-match and 1-back match tasks. Table 4 lists all significant differences encountered on the #-level WM-task 355 match (M#) and non-match (N#) trials after post-hoc comparisons using cluster correction. Most differences were found in the AD vs. HE group comparison for the N0, N1 and M1 tasks. However, several significant differences were also found in the MCI vs. HE comparison for the N1 and M1 tasks. No differences were found in ERP cluster analysis for the AD vs. MCI comparison.
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Observing Table 4 , it is interesting to note that, differently from AD patients, who present significant differences in the ERP both in the 0-back and the 1-back tasks, MCI patients, having less cognitive impairment than the AD subjects, have shown differences only for the 1-back tasks, which are more demanding since they have a higher level of memory load. Finally, no differences 365 were found when participants were performing the 2-back tasks, probably because the memory load was so high that even the HE controls had difficulty to Fig. 4(b) one can see that at the same electrode there is also a significant difference between HE and MCI individuals, but now only when participants were performing the 1-back non-match task.
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ERD/ERS Analysis
Herein we show the frequency sub-bands, time intervals and scalp locations where significant group differences were found in the ERD/ERS analysis. Table 5 reports the results obtained in cluster analysis (post-hoc comparisons) for the "match" trials when participants performed the three N-back tasks. As can 380 be seen in the table, the first level of memory load (0-back ) elicited significant differences between the HE and MCI groups in the high-frequency gamma band.
On the contrary, significant differences between HE and AD groups were shown in lower frequency bands (theta and delta) and for more demanding WM tasks (i.e., N=1 and 2).
385 Table 6 , on the other hand, presents findings related to the "non-match" trials. As observed, MCI and AD groups showed significant (post-hoc) differences in the 0-back task. HE and MCI, in turn, showed significant differences across frequency bands (delta, alpha, beta) and across all three WM task levels. On the other hand, the HE and AD groups did not show any significant differences 390 under the non-match scenario. Figure 6 , in turn, shows differences between MCI and AD groups on the low-frequency band theta at the left hemisphere (electrode T3),
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when participants were performing the 0-back non-match task.
Discussion
To the best of our knowledge, this is the second study combining ERP [31] . Other research on the topic was done either with ERP alone [82, 30, 32] or only with ERS/ERD [83, 84] . Our first 405 finding herein was that behavioural measures were not sufficient to discriminate groups, with reaction times separating only AD from HE and accuracy in the match/mismatch choice capable of distinguish both patient groups from controls, but unable to tell MCI apart from AD.
Regarding our results on in-phase evoked electrophysiological responses, they 410 revealed that ERPs where able to differentiate patients (MCI and AD) from controls at latencies between 450 and 550 ms, with both patient groups showing reduced amplitude of the P450 component (Table 4 and Fig. 4 ). This is consistent with previous literature findings reporting alterations of the P450 wave on visual tasks related to working memory update [85, 86] . Although the 415 P450 component is somehow different from the P300 component, since the latter is elicited in the context of an oddball task and the former in working memory tasks, some researchers did not formally differentiate them both [82] . Given that, since higher P300 amplitude has been always interpreted in literature [18, 21] as the subject having more attentional resources devoted to the task, our 420 finding corroborates such interpretation because it means that patients (MCI and AD) present less attentional skills than healthy controls, as expected.
In a recent study (2016), Zunini et al. [82] used EEG recorded during visual N-back tasks to compare MCI patients to healthy older adults. Their ERP analysis revealed lower P450 (they called it P300) amplitudes in MCI for all theee
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that theirs was a two-group study, as they did not evaluate AD patients.
Proceeding to synchronized induced responses, our findings in delta band showed AD patients during execution of 2-back match trials with more ERD (more negative ERS) than HE controls at temporal and temporal-parietal elec- In our experiment we have found significant differences in theta band ERD/ERS patterns (match condition, ERS for progressive MCI patients relative to stable MCI was found [31] . As such, we hypothesize that our study did not find any significant differences in the HE vs. MCI comparison on theta band probably because the MCI patients were likely stable. Since we did not monitor the cognitive decline of our MCI patients, we are not able at this time to validate this hypothesis. However, there 450 is an important finding of our study that helps to corroborate this: we find significant differences between MCI and AD patients only on that very theta band, when participants were performing the 0-back non-match task ( Table 6 ). The reasoning goes as follows: as we did not find any difference between HE and MCI patients on theta band like previous studies [87, 31] did, but on the other 455 hand found significant differences in the MCI vs. AD comparison on the same band, it seems that our MCI participants were closer to the HE than to the
AD group, thus unlikely to progress to AD in a short period of time, therefore they were probably stable MCI patients. Nevertheless, as we were not able to monitor the cognitive decline of the MCI patients include in this study, perhaps 460 this effect was observed simply because it was a mixed group of MCI patients, some of which will remain stable and some that will progress, thus masking the effect due to heterogeneity within the group.
It has been extensively shown in the literature that alpha band rhythm presents desynchronization (ERD) over broad scalp regions in judgement and 465 memory tasks [88, 89, 90, 91] performed by healthy individuals. More specifically, a previous study by Krause et al. [92] suggested that long-lasting desynchronization could be observed in the low alpha bands (i.e., 6-10 Hz) during a 2-back task. In a previously mentioned study, Missonnier et al. [31] observed the effectiveness of beta-band ERD resultant from the visual 2-back task to dis-470 criminate progressive MCI from stable MCI. The ERD (negative ERS) values we observed on alpha band when HE and MCI participants were performing the 1-back match task (Table 5 ) corroborate such findings. Furthermore, it has also been previously reported that an increase in task complexity and/or attention results in greater ERD (more negative) magnitudes on high-frequency bands 475 (alpha and beta) [93, 94] , an effect also observed in this study, but only for the match tasks and just for the alpha band, with gamma band showing an opposite result (ERS instead of ERD) for HE in the match condition (Table 5) .
Surprisingly, in the non-match condition, we observed that MCI patients presented greater alpha ERD than HE controls, who in fact presented ERS 480 ( Table 5 ). Such opposite findings could be due to the fact that, based on our behavioural results (Table   2) , the non-match condition seems to be a bit easier than the match condition, 485 since HE participants had better performance (accuracy) in the former one.
Since a previous study [92] found long-lasting alpha ERD in a high-demanding memory task (2-back task), it is just consistent that a least demanding task (the that AD and vascular dementia (VaD) patients have stronger alpha ERD peak when compared to healthy elderly [55] .
Interestingly, in the match condition (Table 5) , several significant differences were found in the HE vs. MCI and in the HE vs. AD post-hoc comparisons, but 495 none were found between the AD and MCI groups. Such findings suggest that ERD/ERS during N-back match tasks could potentially be used for early MCI diagnosis or for improved AD diagnosis, but not for differentiating MCI from AD. Similar findings have been obtained with an auditory-verbal Sternberg memory task [95] , where significant alpha ERD/ERS differences were found 500 between the control and MCI groups during the encoding phase and between the control and AD groups during retrieval [38] .
In beta band we found differences between HE and MCI only in the nonmatch condition (0-back task), with patients presenting ERD and controls showing ERS at temporal and temporal-parietal electrodes ( Table 6) . As for gamma, Finally, since we have recently published an ERS/ERD study [20] using the same database we used in this paper, but without removing the in-phase evoked
response as we did herein, we must now compare the findings of both studies.
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The first remarkable difference between the results of that publication [20] and the findings of this one is we did not find any significant difference between patients (MCI and AD) and controls (HE) in the low-frequency delta and theta bands in our previous investigation. Just the opposite, in this study we got plenty of differences in delta for the MCI vs. HE comparison and in theta the 525 MCI vs. AD comparisons in the non-match condition ( Table 6 ). Also, several differences between HE controls and AD patients in both bands were found in the match trials (Table 5 ). Such mismatch between the studies results can only be explained by the fact that the in-phase evoked response, which was not removed in our previous study [20] , has somehow masked the differences 530 between groups in these low-frequency bands.
Regarding the high-frequency alpha, beta and gamma bands, in our 2017
paper [20] we found alpha ERD differences between patients and controls (HE ERD > MCI and AD ERD) in just a few electrodes and only when participants were performing the 2-back match task, while herein we found similar 535 differences (HE ERD > MCI ERD) in the match condition at much more scalp locations. However, as mentioned above, in this study we found and opposite result (HE ERD < MCI ERD) in the non-match trials, an effect that can only be explained (again) by the different methodologies we used to calculate ERS/ERD
responses. An opposite result was also observed in the beta band: in our previ-540 ous ERS/ERD study [20] we had HE ERD > MCI ERD in the 0-back non-match task, while herein we have HE ERD < MCI ERD exactly in the same condition.
Lastly, in this study we got ERS/ERD gamma differences between HE and MCI (HE ERD < MCI ERD) in just a few temporal and temporal-parietal electrodes and only in the match trials, while in our previous study [20] we got plenty of 545 gamma differences both in the match as well as in the non-match condition. In this case, however, the findings of both studies pointed in the same direction, with HE controls presenting less gamma ERD than patients.
A limitation of our study is that, since we did not evaluate patients suffering from other types of dementia, we cannot comment on whether these findings 
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A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T Table 6 : Frequency bands, time intervals and scalp locations where significant differences were observed between groups in cluster analysis for the non-match condition, when participants were performing the three-level N-back task. Intervals where significant ERS% differences were found are highlighted in yellow and correspond to the HE vs. MCI comparison during execution of 0-back match task. M A N U S C R I P T Figure 6 : Grand average of ERS/ERD response on sub-band theta at left temporal scalp location T3. Intervals with ERS% differences between MCI and AD patients are highlighted in yellow and relate to the 0-back non-match task.
